Objective: In addition to unbalanced flow through placental anastomoses, evidence suggests that transfer of circulating vasoactive elements from the donor to the recipient contribute to the pathological process of twin-twin transfusion syndrome (TTTS). The objective of this study was to test the hypothesis that TTTS recipients have higher blood pressure (BP) at birth than donors.
Introduction
Twin-twin transfusion syndrome (TTTS) complicates 10 to 15% of monochorionic-diamniotic pregnancies 1, 2 and carries a high rate of morbidities and mortality. 3, 4 TTTS results from unbalanced blood flow through placental anastomoses, leading to oliguria, oligohydramios and growth restriction in the donor twin and to polyhydramnios, cardiac insufficiency and hydrops in severe cases in the recipient twin.
Neonatal morbidities suggest that other elements than solely fluid imbalance are involved in the pathophysiology of the syndrome. Indeed, abnormal renal functionFwhich affects both twinsFand cardiovascular disturbances such as cardiac biventricular hypertrophy (CBH) in recipients, cannot be explained by hypervolemia only. Investigators have suggested a role for other elements such as increased circulating endothelin and activation of the renin-angiotensin system (RAS) in the donor twin, resulting in the transfer of significant amounts of circulating vasoactive elements such as angiotensin II to the recipient through the placental vascular anastomoses. [5] [6] [7] [8] [9] [10] It is therefore postulated that transfer of volume and of vasoactive elements could lead to significant elevation of blood pressure (BP) in recipients as well as to CBH. 9, 10 One study has indirectly evaluated BP during fetal life and indeed suggested elevated BP in the recipient twin. 11 BP measurements in TTTS in the immediate neonatal period has seldom been reported, only in small series, and BP is reported overall relatively higher in recipient compared with donor twins. 3, 11, 12 However, BPs were not corrected for birth weight (BW), which is higher in recipients and known to be a main determinant of BP in neonates. [13] [14] [15] The main objective of this study was to test the hypothesis that in TTTS, donors have lower than expected and recipients higher than expected BPs relative to their BW. A secondary objective was to analyze whether recipients with CBH have higher BP and worse neonatal outcome than recipients without CBH.
Methods

Study population
We performed a retrospective cohort study of all TTTS infants born at the level III University Hospital Centre Hospitalier Universitaire (CHU) Sainte Justine (Montreal, Canada) between 1 January 1996 and 31 January 2007. CHU Sainte Justine is a mother-children hospital, with high referral rate of high-risk pregnancies. Medical charts of all infants with TTTS were reviewed. We included in this analysis only the pairs for which both twins were alive at least 24 h to perform a paired analysis of the BP evolution. This study was approved by Research Bioethics Committee of the CHU Sainte Justine, University of Montreal.
Data collection
The diagnosis of TTTS was reached according to prenatal ultrasound criteria. Monochorionic-diamniotic twin pregnancy was established by the same sex in both twins, the absence of a 'twin peak' sign (characteristic ultrasound image indicating dichorionicity) and the presence of a thin dividing membrane. The 'recipient' fetus had to present at least one of the following criteria: polyhydramnios (deepest vertical pocket >8 cm), distended bladder, cardiomegaly or hydrops. The 'donor' fetus had to present at least one of the following criteria: discordance of growth of at least 20% when compared with the recipient, oligohydramnios (deepest vertical pocket <2 cm), non visible empty bladder or image of stuck twin. 16 Monochorionicity was confirmed after delivery by placental pathologic examination in all cases.
The following obstetrical data were extracted: amnioreduction, laser photocoagulation, intrauterine fetal death, termination of pregnancy and mode of delivery. For most of the study period, the treatment for TTTS consisted of serial amnioreductions. Pregnancies for which laser photocoagulation of placental vascular anastomoses was realized were excluded from further analysis; this procedure was performed at our Institution starting in 2005. Laser photocoagulation of placental anastomoses can interfere significantly (and more so than amnioreduction) with fluid transfer and volume imbalance between twins, thereby halting the process of TTTS. 17 Infants of mother who underwent amnioreduction procedures were included in the study because of the more limited efficacy of the intervention, 17 well realizing that this could nevertheless minimize the differences observed between groups.
Gestational age (GA) and Quintero stage at the time of the diagnosis of TTTS were noted (Table 1) (Quintero et al. 18 ). The following birth data were examined: GA, BW measured in the first hour of life, Apgar score at 5 min and hemoglobin level. GA was estimated by last menstrual dates or early (first trimester) fetal ultrasonography. Twins with BW under the 10th percentile according to the standards stratified by placental chorionicity were classified small for GA. 19 We also analyzed the following morbidities: respiratory distress syndrome with use of surfactant (Survanta Abbot Laboratories, St Laurent, QC, Canada) and need of mechanical ventilation, use of inotropic support and age (in hours of life) at which it was initiated, patent ductus arteriosus for which medical and/or surgical treatment was prescribed, CBH diagnosed ante-or postnatal, necrotizing enterocolitis staging according to Bell, 20 renal failure, intraventricular hemorrhage grading according to Papile, 21 bronchopulmonary dysplasia (defined as oxygen requirement at 36 weeks post-conception), cystic periventricular leukomalacia, retinopathy of prematurity, diagnosis of hypertension (over 95th percentile 13, 14 ) and death.
BP measurements
In newborns with umbilical artery catheter, BPs were measured continuously with a disposable pressure transducer connected to a single lumen arterial line (Argyle 3.5 F, Tycomedical Pte-Claire, QC, Canada). The catheter was positioned between T7 and T10 in the abdominal aorta and this system was calibrated with zero reference at mid-chest level. In other newborns, BPs were regularly measured on limbs by the oscillometric technique with an appropriate cuff size (Critikon Classic-Cuff, GE Medical Systems, Saskatoon, Canada). Both BP measuring devices (umbilical catheter and cuff) were connected to a Solar 8000M patient monitor by GE Medical Systems (Saskatoon, Canada). The neonatologist who revised the files and extracted the data paid attention to the coherence of the intra-arterial systolic BP (SBP) and diastolic BP (DBP) readings with the values obtained intermittently with the cuff in patients with arterial lines. All BP values were separated into intervals of hours of life: H0 to H4; H4 to H12; H12 to H24; H24 to H36. Heart rates were also extracted and separated into three time periods: H0 to H12; H12 to H24; H24 to H36. For each time period, at least three heart rate or BP values were required to calculate a mean value for the analysis. When one or both twins received a fluid bolus or inotropic support, the pair was excluded from further analysis as the objective of the study was 
Statistical analysis
Results are expressed as mean±s.d. or median with range according to the distribution of the data. We compared perinatal outcomes and evolution of BPs in donors vs recipients; and in recipients with CBH vs recipients without CBH. The w 2 or Fisher's exact test was used to compare categorical variables. The continuous normally distributed variables were assessed by the paired Student's t-test. The evolution of BP over the time was assessed by factorial repeated measures analysis of variance with Greenhouse-Geisser correction for sphericity violation when necessary. A P-value below 0.05 was considered as indicating significance.
Results
During the 11-year study period, 110 pregnant women with TTTS were followed at the CHU Sainte Justine. Among the 212 fetuses of the 106 women who were followed until the end of their pregnancy, the overall mortality rate was 48%, including spontaneous intrauterine fetal deaths, terminations of pregnancy, neonatal and postnatal death. Five pregnancies were treated by laser photocoagulation and infants were therefore excluded from further analysis. Fifty-one sets of twins were alive at least 24 h and represent our study population (See Figure 1) .
Obstetrical characteristics
There were on average 3 weeks between diagnosis of TTTS and delivery, which occurred by cesarean section in the majority of cases (82%) ( Table 1 ). The Quintero staging at diagnosis was mostly distributed between stages I and III.
Donors vs recipients
Neonatal characteristics. There were 21 pairs of women and 30 pairs of men ( Table 2 ). The mean BW and hemoglobin levels were significantly lower in donors than in recipients. The median 5-min Apgar score was similar between the two groups. A significantly greater proportion of donors were small for GA. Three infants (all recipients) had an antenatal diagnosis of hydrops. For two of them, BW was similar to their donor twin (1000 vs 972 g at 28 weeks and 1562 vs 1489 g at 31 weeks), evolution was unremarkable and they did not require inotropic support. The third hydropic recipient was born at 29 weeks (1470 vs donor twin 1031 g), received inotropes at 5 h of life and died on the second day from severe intraventricular hemorrhage. A comparable proportion of donors and recipients required inotropic support; however, inotropes were initiated significantly sooner after birth in donors. More recipients required Blood pressure in twin-twin transfusion syndrome I Mercanti et al surfactant for respiratory distress syndrome. The proportion of patients requiring surgical ligation for a patent ductus arteriosus was remarkably higher in the donor group (50 vs 13% of the infants diagnosed and treated for a patent ductus arteriosus; P<0.05). Surgical ligation was realized after failure of medical treatment (indomethacin) except in one case for which indomethacin was judged contraindicated. CBH and hypertension were found respectively in 42 and 14% of the recipients and in none of the donors (P<0.05 for both outcomes). The mortality rate was comparable in the two groups and the causes of death were similar. Among the recipients, three infants died from severe intraventricular hemorrhage and one from necrotizing enterocolitis. In donors, two died from severe intraventricular hemorrhage and two from necrotizing enterocolitis.
Blood pressures. BP values were analyzed in 38 of the 51 pairs of twins. In all, 13 cases were not included in the BP analysis, for the following reasons: in 9 sets of twins (mean GA 34 ± 2 weeks), at least one twin was clinically stable and no serial evaluation of BP was recorded; in 2 pairs data were missing from the charts and in 2 other pairs the records contained extreme values at risk to interfere with the homogeneity of the results. The proportion of infants with BP monitored via umbilical arterial line was similar in donors and recipients (25 vs 21.8%, P ¼ 0.817) and the other BPs were obtained with the oscillometric method; data from the two methods were combined for the analysis.
For the first 24 h of life, the measured values of SBP and DBP BP were significantly higher in recipients vs donors and these differences remained significant when SBP and DBP were expressed as percentages of predicted BP according to BW (Table 3) . Heart rates were not significantly different between groups at any time point (data not shown).
We analyzed the evolution of mean BP (MBP) over the first 36 h of life in 16 pairs for whom data were available for each time interval (Figure 2) . MBP of donors were initially lower than recipients and regularly increased over time. In contrast, MBP of recipients were initially higher than donors and declined over the first 12 h of life before rising again. MBP values differed significantly for each time interval between donors vs recipients. When assessed by analysis of variance, the pattern of MBP changes over time (only rising for the donors vs declining then rising in the recipients) was also significantly different between the two groups.
Recipients without CBH vs recipients with CBH Obstetrical and neonatal characteristics. Within the group of recipients, we then compared infants with CBH (n ¼ 21) with those without CBH (n ¼ 29). Pregnancies with CBH recipient had 
(%).
Blood pressure in twin-twin transfusion syndrome I Mercanti et al significantly more amnioreductions; obstetrical characteristics did not differ otherwise (Table 4) . For two infants, CBH was diagnosed solely on fetal echocardiography as their postnatal evolution was unremarkable and no postnatal echocardiography was realized. BW, GA, 5-min Apgar score and hemoglobin levels were similar. Recipients with CBH required significantly more often mechanical ventilation, a greater proportion presented with renal failure and they were more often diagnosed with hypertension during hospital stay. The other outcomes evaluated including cerebral lesion and mortality rates were not different (Table 4 ).
Blood pressures. BP values were collected from 23 of the 29 twins without CBH (for 6 twins, no serial evaluation of BP was recorded re: infants clinically well). BP values were analyzed in 17 of the 21 twins with CBH (4 cases were excluded: in 3 twins, no serial evaluation of BP was recorded and data were missing from one chart). The proportion of infants with BP monitored via umbilical arterial line was similar in recipients with and without CBH (18 vs 24%, P ¼ 0.733). BPs were otherwise obtained with the oscillometric technique; data from the two methods were combined for the analysis. SBP and DBP of recipients with CBH vs without CBH between birth (H0) and 4 h of life (H4) were slightly higher but the difference did not reach statistical significance (SBP: 70±18 mm Hg vs 62±13 mm Hg; DBP: 37±10 mm Hg vs 33 ± 7 mm Hg; both P ¼ 0.07). BPs values between recipients with and without CBH were very similar after H4. When expressed according to BW (Table 5) , SBP and DBP values were overall higher than predicted for the two groups. At H0 to 4, SBP and DBP were higher in CBH vs non CBH patients but the difference did not reach statistical significance. Both groups showed a significant (P ¼ 0.007) decline in BP over the first 12 h of life. The temporal pattern of BP with initial decline followed by a progressive rise was not different between infants with and without CBH. Heart rates were similar between infants with and without CBH (not shown).
Discussion
This study reports recordings of BPs immediately after birth, in values measured in mm Hg as well as expressed relative to BW in Blood pressure in twin-twin transfusion syndrome I Mercanti et al co-twins (paired analysis) with TTTS. Results support our hypothesis that TTTS recipients have higher BP at birth than donors, and that donors have lower than expectedFand recipients higher than expectedFBPs relative to their BW over the first hours of life. In addition, our data show that the usual pattern of progressive increase in BP is disrupted in recipient twins who demonstrate an initial significant decrease in their BP over the first 12 h of life, followed by a progressive rise that was significant over the following 24 h. The current report also shows a trend for recipient twins with CBH to have higher BP in the first four hours after birth than those without CBH, although not statistically significant, as well as a significant increase in the incidence of neonatal morbidities. We expressed BP relative to BW because in addition to GA, BW has been shown to be significantly correlated to newborn BP. In their study of 608 neonates including infants small for GA, Zubrow et al.
14 showed that BW and GA were strong predictors of SBP and DBP on day 1 of life. Le Flore et al. 15 reported in a group of 116 very low BW infants values of BP that were 15 to 20% lower for extremely low BW infants soon after birth vs neonates with BW between 1000 and 1500 g; BW and GA were primary variables predicting BP in their multiple linear regression analysis. Versmold et al. 22 showed in 16 extremely low BW infants that BPs were similar in infants of comparable BW even if GA was different, and that small for GA infants had lower BP than appropriate for GA infants at equivalent GA.
Our result strengthen the findings of previous studies with our additions of a larger population studied and paired statistical analyses. Lopriore et al. 3 found a significantly higher SBP at birth in a group of 15 recipients vs 17 donors; however, analyses were not paired. In a smaller group of infants (12 pairs of twins with TTTS), Cordero et al. 23 report no difference in absolute values of BPs at birth between donors and recipients but a pattern of initial decrease in recipient twin BP similar to what we observed in the current cohort. Mahieu-Caputo et al.
11 report neonatal BPs above the 90th percentile in six of eight recipients and below the 50th percentile in five of seven donors. Interestingly in the latter study, indirect measurement of fetal BP had also been realized using the Bernouilli equation 24 (DP ¼ 4V 2 , in which DP is the difference between auricular (3 to 4 mm Hg in the human fetus) and ventricular pressures, and V the maximum velocity of the atrioventricular regurgitation). Using this method, significant high-velocity atrioventricular regurgitation could be measured in 10 recipients (and in none of the donors) of a group of 23 severe cases of TTTS and suggested fetal systemic hypertension in all 10 recipients studied at a median GA of 22 weeks.
We combined arterial pressure measurements obtained from oscillometry and intra-arterial catheter because a similar proportion of infants had their BP taken using one or the other technique and many studies have documented good correlation between the two methods and have similarly combined their data. 23, 25 In our series, we observed sustained lower pressures in the donors vs the recipients. Several mechanisms could explain these differences in BP. In utero, donors are considered hypovolemic and often anemic whereas recipients are hypervolemic with polycythemia. In addition, it is now better accepted that volume depletion and renal hypoperfusion in the donors can stimulate their RAS in an attempt to maintain their BP. 9, 10 The concept has recently been further supported by reports showing in donors and recipients similarly markedly elevated cord blood plasma levels of renin and angiotensin II (and in one case report of aldosterone), 7, 10 whereas renal renin protein and mRNA expression are downregulated in the recipient's kidney and upregulated in the donor's kidney. 8, 9 The recipient is therefore exposed to RAS hormones secreted by the donor and transferred via placental shunts. The action of the RAS on vascular smooth muscle cells could lead to vasoconstriction and further volume retention in the recipient who is already hypervolemic, resulting in hypertension. The presence of fetal hypertension in the recipients is also supported by characteristic glomerular and vascular renal histopathological changes, 9 as well as cardiomyopathy and cardiac dysfunction classical of increased afterload resulting from increased peripheral vascular resistance and high vascular pressure. 26 Studies of newborn BP report a constant and sustained rise in BP values over the first hours to days after birth, for all infants, preterm or term, singletons or (non TTTS-) twins, including twins with weight discordance. [13] [14] [15] 23, 27 In contrast, the current data show a decrease in BP during the first 12 h of life in recipients. A similar evolution of BP has been reported by Cordero et al. 23 in a 28 and restoration of renal renin expression in the recipient, which was totally inhibited in utero, 8, 9 should take many hours. Indeed, after 12 h of life, recipient's BP increased progressively. Impaired neonatal arterial baroreflex control of BP could prevail in the recipient after in utero chronic sustained stimulation of the baroreceptors. 28 Alternatively, one could hypothesize that paradoxical decrease in BP over the first 12 h of life represents significant volume excretion but such rapid renal adaptation would be improbable.
Other vasoactive or circulating short half-life peptides (such as atrial natriuretic petide, brain natriuretic peptide and endothelin-1) have been found increased in recipient twins (vs donors and vs non-TTTS twins) and postulated to participate in the hypertension and the cardiac hypertrophy and dysfunction. 5, 6, 29, 30 In this study, the high rate of hypertension in recipients was observed mostly in infants with CBH (6 of 7 hypertensive infants had CBH, and 6 of 21 (29 %) of infants with CBH had a diagnosis of hypertension). This supports long-term (perpetuated or maintained) alteration in vascular structure and/or BP regulation. CBH could result from volume overload, high circulating angiotensin II, which is a potent stimulus for cardiac hypertrophy and cardiomyocytes hyperplasia, as well as from high circulating endothelin-1. 30 CBH usually does not occur in donors 31 and its severity (assessed in utero) correlates with decreased postnatal survival. 32 Few studies have examined long-term vascular and cardiac outcome of TTTS survivors. At 10 years of age, Halvorsen et al. 33 report, in a cohort of 11 twin pairs, no differences in BPs, heart rate, structure or systolic ventricular function between twins but a significantly reduced early diastolic function in the recipients. Conduit arteries stiffness, evaluated through brachioradial pulse wave velocity, was found increased in the donors in two studies realized around 9 to 11 months of age, 34, 35 the lower arterial distensibility was attributed by the investigators to intrauterine growth restriction 36, 37 and vascular adaptation to chronic hypovolemia in utero.
38
Overall the neonatal outcomes of this cohort of TTTS twins are comparable to other published studies. 3, 39 The proportion of our infants with significant intracranial anomalies was relatively low. Incidence of renal function impairment is higher in TTTS than in non-TTTS twins. 40 In our cohort, the incidence of impaired renal function is similar between donors and recipients as reported by some 40 but not all studies, which rather indicate a higher proportion of donors affected.
12 Donor kidneys present tubular dysgenesis and ischemic glomerules compatible with chronic hypoperfusion whereas lesions in recipients are compatible with hypertensive glomerulopathies; 9, 41, 42 renal histopathology data were not available in this study. The rate of patent ductus arteriosus requiring ligation is elevated in the donors. Incidence of patent ductus arteriosus is higher in small for GA infants. 43 Indeed, in our study the average BW of the group of infants requiring ligation was 625 g, but the mechanisms underlying this observation and more specifically in a donor of TTTS is unknown.
In conclusion, this study shows in recipient twins of TTTS higher than expected BPs at birth and an unusual pattern of initial decline of BPs over the first 12 h of life. These elements support a role for molecules such angiotensin II in the pathophysiology of the cardiovascular manifestation of the TTTS, both in immediate neonatal period but also later with the higher incidence of hypertension among the recipients. This study also further underlines the importance of insuring a cardiovascular follow-up of all these infants, both donors and recipients, especially those with CBH, as they grow into adulthood.
